Deficiency of acid sphingomyelinase (ASM), an enzyme responsible for producing a pro-apoptotic second messenger ceramide, has previously been shown to promote the survival of fetal mouse oocytes in vivo and to protect oocytes from chemotherapy-induced apoptosis in vitro. Here we investigated the effects of ASM deficiency on testicular germ cell development and on the ability of germ cells to undergo apoptosis. At the age of 20 weeks, ASM knock-out (ASMKO) sperm concentrations were comparable with wild-type (WT) sperm concentrations, whereas sperm motility was seriously affected. ASMKO testes contained significantly elevated levels of sphingomyelin at the age of 8 weeks as detected by high-performance, thin-layer chromatography. Electron microscopy revealed that the testes started to accumulate pathological vesicles in Sertoli cells and in the interstitium at the age of 21 days. Irradiation of WT and ASMKO mice did not elevate intratesticular ceramide levels at 16 h after irradiation. In situ end labeling of apoptotic cells also showed a similar degree of cell death in both groups. After a 21-day recovery period, the numbers of primary spermatocytes and spermatogonia at G 2 as well as spermatids were essentially the same in the WT and ASMKO testes, as detected by flow cytometry. In serum-free cultures both ASMKO and WT germ cells showed a significant increase in the level of ceramide, as well as massive apoptosis. In conclusion, ASM is required for maintenance of normal sphingomyelin levels in the testis and for normal sperm motility, but not for testicular ceramide production or for the ability of the germ cells to undergo apoptosis. apoptosis, spermatogenesis, stress, testis
INTRODUCTION
Acid sphingomyelinase (ASM) is a lysosomal enzyme that belongs to a family of sphingomyelinases that catabolize membrane sphingomyelin (SM) to ceramide and phosphorylcholine [1, 2] . Deficient ASM activity is the cause of Niemann-Pick disease (NPD) in which SM degradation is impaired, leading to elevated levels of SM and cholesterol [3] . Cells received from NPD patients as well as mice lacking a functional ASM gene have become useful tools when investigating ceramide-mediated signal transduction pathways.
Acid sphingomyelinase knock-out (ASMKO) mice appear normal at birth, begin to express symptoms for neurologic disease including ataxia and mild tremors at about 2-4 mo of age, and die at the age of 6-8 mo [4, 5] . Their fecundity is affected since reduced fertility can be observed before the onset of behavioral deficits [6] . Therefore, lipid accumulation may cause severe physiological defects in the testis and harm germ cell development or function. A lack of ASM may also lead to defective ceramide production. Ceramide, which is a lipid second messenger, has been found to be pro-apoptotic in several biological systems [7, 8] . Compelling evidence has been presented on sphingomyelinase activation and generation of ceramide as a response to ionizing radiation [9, 10] . Ceramide can be further metabolized to sphingosine, which again can be phosphorylated into sphingosine-1-phosphate (S1P). S1P counterbalances the effects of ceramide and thereby inhibits apoptosis in several cell types, including the male germ cells [11] [12] [13] [14] . Thus, lack of ASM in the testis may lead to impaired production of ceramide and deficient germ cell apoptosis.
ASM deficiency renders many cell types completely or partially resistant to apoptosis [15] [16] [17] . It plays an important role in female germ cell death. In a recent study it was found that apoptosis was diminished in ASMKO mouse fetal ovaries, resulting in an increased number of primordial follicles and ovarian hyperplasia in neonatal mice [13] . ASMKO mouse oocytes were also able to resist chemotherapy-induced apoptosis in vitro. Most importantly, resistance to irradiation-induced apoptosis was achieved in the wild-type (WT) oocytes in vivo when they were protected by S1P [13] .
Both female and male germ cells are susceptible to irradiation, and infertility may follow cancer treatments. We have previously found that irradiation damages the early developmental stages of mouse spermatogonia [18] . In the male, S1P is able to partially protect testicular germ cells of WT C57BL/6 mice against radiation-induced apoptosis in vivo [18] and to suppress human male germ cell apoptosis in vitro by 30% [14] . Male testicular tissue has also been shown to produce increased amounts of ceramide when germ cell apoptosis is induced in vitro [14] . Therefore, a pathway involving ceramide may be functional in male germ cell apoptosis. To study the SM pathway more closely in the male gonad, we investigated the role of ASM deficiency in the mouse testis 1) in vivo in germ cell development and physiological apoptosis at different developmental ages, 2) in vivo in irradiation-induced apoptosis, and 3) in vitro in serum deprivation-induced apoptosis.
MATERIALS AND METHODS

Mice
The mouse colony was established from heterozygous (Ϯ) breeding pairs, which had a mixed 129/SV-C57BL/6 genetic background. The generation of the mice has originally been published by Horinouchi et al. [5] . A polymerase chain reaction genotyping method was used to maintain the breeding colony and to choose suitable mice for the experiments. WT and ASM homozygous-null (ASMKO) male litter mates were used for the experiments. Testis histology was analyzed at the age of 7 days (juvenile, no active spermatogenesis, main cell types spermatogonia, immature Sertoli cells, and immature Leydig cells); 21 days (juvenile, onset of spermatogenesis, appearance of different developmental stages of germ cells, mature Sertoli cells, and Leydig cells starting to proliferate) [19] ; 8 wk (sexually mature, fully functional spermatogenesis); and 20 wk (neurological symptoms) males. In the in vivo and in vitro experiments, 8-to 10-wk-old young adult mice were used. The animals were kept in a 12-h light/dark cycle, and they received food and water ad libitum. All animal protocols were reviewed and approved by the Massachusetts General Hospital Institutional Animal Care and Use Committee, Boston, and by the Institutional Animal Care and Use Committee of the Wihuri Research Institute, Helsinki, Finland, and were performed in strict accordance with the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals.
Sperm Analysis
WT and ASMKO mice were killed at the age of 20 wk, and sperm were collected from cauda epididymis and capacitated in vitro for 2 h in human tubal fluid medium (Specialty Media, Phillisburg, NJ) supplemented with 0.5% BSA under oil. All samples were analyzed for sperm concentration and motion parameters by the HTM-IVOS semen analyzer (Version 10HTM-IVOS; Hamilton-Thorn Company, Beverly, MA). Setting parameters and the definition of measured sperm motion parameters were established by the Hamilton-Thorn Company (frames acquired ϭ 30; frame rate ϭ 60 Hz; straightness [STR] threshold ϭ 80%; duration of the tracking time ϭ 0.38 seconds). To measure both sperm concentration and motility, aliquots of semen samples (5 l) were placed into a prewarmed (37ЊC) Makler counting chamber (Sefi-Medical Instruments, Haifa, Israel). A minimum of 200 sperm from at least four different fields was analyzed from each specimen.
Measurement of Ceramide and Sphingomyelin Levels
Levels of ceramide and SM were analyzed as described previously in detail [14] . Briefly, tissue from mouse testes (ഠ100 mg) was homogenized in 1030 l of homogenization buffer (1% Triton X-100, 150 mM NaCl, 10 mM Tris pH 7.4, 1 mM EDTA, 0.2 mM PMSF, 0.5% NP-40, 1 g/ml leupeptin). After centrifugation the supernatants were collected for protein concentration measurements by the DC protein assay (Bio-Rad Laboratories, Hercules, CA). The lipids were extracted by a method modified from Bligh and Dyer [20] as described [14] and analyzed by the highperformance, thin-layer chromatography method using dichloromethane/ methanol/glacial acetic acid (100:2:5, v/v/v) for ceramides and chloroform/ methanol/glacial acetic acid/water (100:60:20:5, v/v/v/v) for SM. The individual lipid classes were visualized and analyzed as described [14] . Ceramide and SM concentrations were normalized to the total cell protein, and the ceramide/SM weight ratio was calculated. The lipid standards used in this analysis were from Sigma (St. Louis, MO).
Electron Microscopy (EM)
Small pieces of testicular tissue were fixed in 2.5% glutaraldehyde in 0.1 mol/L phosphate buffer, dehydrated, and embedded in epoxy resin. The samples were sectioned at 50 nm with an ultramicrotome (Reichert Jung, Vienna, Austria) mounted on nickel grids and stained with uranyl acetate and lead citrate using the Leica EMstain apparatus (Leica, Vienna, Austria) according to the manufacturer's instructions. Observations were made with a JEOL JEM 1200 EX transmission EM (JEOL, Tokyo, Japan).
Irradiation of Mice
The mice received a dose of 0 or 0.5 Gy for the total body at the Department of Oncology, Helsinki University Hospital, Helsinki, Finland. The irradiation was performed as described previously [18] with the Varian Clinac 600C linear accelerator using a 6-MV photon beam, and the dose rate was 2 Gy/min. Sixteen hours after irradiation, one testis was snapfrozen for measurements of ceramide and sphingosine levels, and the other was used for stage-specific squash preparations. Testicular germ cell apoptosis can be detected in the rat 8 h after irradiation, and the highest numbers of apoptotic germ cells are found at approximately 16 h [21] . After 21 days each testis from another group of mice was weighed, and DNA flow cytometric analyses were performed. The time required for spermatogonia to develop into spermatocytes and spermatids is 21 days. In the case that mouse spermatogonia are damaged, as occurs normally as a consequence of irradiation, the number of spermatocytes and spermatids was reduced after the period of 21 days [18] .
Nonradioactive In Situ End Labeling of DNA (ISEL)
Short segments of seminiferous tubules (approximately 1 mm in length) were transferred in 10-20 l of PBS on silane-coated microscope slides. A cover slip was placed on each tubulus segment to squash the tubulus and produce a monolayer of cells around both ends of the segments. The samples were fixed and dehydrated as previously described [22] [23] [24] . DNA 3Ј end-labeling was performed as described [18, 25] . In brief, after rehydration the preparations were permeabilized by microwaving for 5 min in citrate buffer (10 mmol/L citrate, pH 6.0); incubated in terminal transferase reaction buffer (1 mol/L potassium cacodylate, 125 mmol/L Tris-HCl, and 1.25 mg/ml BSA, pH 6.6); and 3Ј end-labeled with Dig-dd-UTP (Roche) for 1 h at 37ЊC by the terminal transferase (Tdt; Roche) reaction. Dig-dd-UTP was located with a peroxidase-conjugated antidigoxigenin antibody (Anti-Digoxigenin-POD; Roche), and the antibody was detected with 0.05% diaminobenzidine substrate (Sigma). The samples were counterstained lightly with hematoxylin and then dehydrated and mounted.
DNA Flow Cytometry
The testes were decapsulated in phosphate-buffered saline on a Petri dish, and the seminiferous tubules were teased apart and prepared into 1 mm long segments under a transillumination stereomicroscope. The different developmental stages of the epithelial cycle are distinguishable by their varying capacity to absorb light, so that the more a seminiferous tubule segment has advanced-stage spermatids, the darker it seems under a preparation microscope. DNA flow cytometric analyses were performed as described previously, with some modifications [18, 26, 27] . The stagespecific 1 mm long single segments of seminiferous tubules were treated with a detergent (0.3% Nonidet P-40; BDH, Poole, England) in PBS containing 0.2% bovine serum albumin (Sigma) and ribonuclease A (5 g/ml; Sigma) for 10-15 min at 4ЊC, after which a 10-sec vortex and incubation for 15 min at 37ЊC followed. Propidium iodide (25 g/ml; Sigma) and diluted fluorescent particle solution (10 l; 475 beads/l; TrueCount Beads, Becton Dickinson, Mountain View, CA) were added to the samples. The samples were filtered and then analyzed by a FACSCalibur flow cytometer (Becton Dickinson) at 488 nm. A total of 5000 fluorescent impulses were counted excluding the beads and debris. CellQuest Pro software (Becton Dickinson) was used for calculating the number of nuclei in each peak of the DNA histograms. The number of cells in each population was converted to absolute numbers by using a multiplication factor that was derived from the ratio of added to counted numbers of standard beads. In the obtained histograms, step 1-12 spermatids form the 1C (haploid chromosome number) peak, and the 4C peak is comprised mainly of primary spermatocytes, excluding preleptotene spermatocytes [26] . We have previously shown that the radiation-induced reduction mainly takes place in mouse 1C (spermatids) and 4C (spermatocytes) cell populations, and it can be seen by flow cytometry 21 days after irradiation [18] .
Tissue Culture
For the in vitro experiments, testicular tissue was cultured as described, with some modifications [14, 24, 25, 28] . The testes were decapsulated in phosphate-buffered saline on a Petri dish, and the seminiferous tubules were microdissected in tissue culture medium (nutrient mixture Ham F-10; Life Technologies, Paisley, UK) supplemented with 0.1% bovine albumin (Sigma) and 10 g/ml gentamicin (Life Technologies). Segments of seminiferous tubules were cultured instead of isolated germ cells to maintain as physiological an environment as possible for the germ cells. The segments of seminiferous tubules were incubated at 34ЊC under serum-free conditions in a humified atmosphere containing 5% CO 2 . We first made a time series for which WT tissue was cultured for 0, 24, 48, 72, or 96 h to examine the rate of apoptosis induction in mouse germ cells under serum-free conditions. After culture the tissue was snap-frozen in liquid nitrogen and stored in Ϫ80ЊC for Southern blot analysis of fragmented DNA. We then chose 24-and 48-h cultures for the following in vitro experiment.
Segments of seminiferous tubules of WT and ASMKO mice were cultured for 0 (freshly snap-frozen), 24, or 48 h in the serum-free culture conditions. After culture the tubules were either frozen in liquid nitrogen or squashed stage specifically on microscope slides under cover slips as explained below. Southern blot analyses and in situ end labeling (ISEL) were performed, and ceramide and SM levels were measured.
Southern Blot Analysis of Apoptotic DNA Fragmentation
DNA was extracted from frozen tissue using an Apoptotic DNA Ladder Kit (Roche Molecular Biochemicals, Mannheim, Germany) as described previously in detail [14, 25] . Briefly, DNA was quantified and labeled with digoxigenin-dideoxy-UTP (Dig-dd-UTP; Roche) by the terminal transferase (Roche) reaction. The samples were then electrophoresed, blotted, and crosslinked onto nylon membranes. The attached 3Ј end-labeled DNA fragments were localized with alkaline phosphataseconjugated antidigoxigenin antibody (Anti-Digoxigenin-AP, alkaline phosphatase conjugates; Roche), and the bound antibody was detected by the chemiluminescence reaction (Roche). X-ray films exposed to the luminescent membranes were digitized by a tabletop scanner (Hewlett Packard Scanjet 6300C) and analyzed with Gel plot 2 macro for Scion Image beta 4.0.2 (Scion Corporation, Frederick, MD) analysis software. The low molecular weight DNA fragments (Ͻ1.3 kb) were quantitated against the positive control sample provided by the manufacturer (Roche).
Data Presentation and Statistical Methods
Comparisons between WT and ASMKO lipid concentrations, testicular weights, DNA ladders, and sperm counts were performed by two-tailed Student t-test, and stage-specific comparisons were done by Mann-Whitney U test. Multiple comparisons between the lipids and testicular weights were done by ANOVA followed by two-tailed t-tests. P-values Ͻ 0.05 were considered significant. Results are expressed as mean Ϯ SEM.
RESULTS
Physiological Germ Cell Death
Sperm concentrations were not statistically different between 20-wk-old WT and ASMKO mice (Table 1) . However, the percentage of motile spermatozoa was severely reduced in the ASMKO mice (P Ͻ 0.001), and the defect in ASMKO sperm motility seemed even greater when progressive motility was measured (P Ͻ 0.001).
ASMKO mouse testes had significantly elevated SM contents (27.68 Ϯ 3.92 g/mg protein) as compared with WT mice (6.47 Ϯ 0.56 g/mg protein) at the age of 8 wk (P Ͻ 0.001), but the ceramide levels were at a comparable level (Fig. 1) . No significant differences could be detected between WT and ASMKO testicular weights at the ages of 7 days, 21 days, 8 wk, and 20 wk, although there was a tendency for slightly heavier testes in the sexually mature ASMKO mice (8 and 20 wks; Fig. 2 ). Low molecular weight DNA fragmentation analysis (Southern blotting) revealed increased apoptosis in the ASMKO testes at the age of 21 days as compared with the ages of 7 days, 8 wk, and 20 wk (P Ͻ 0.05), indicating that the well-established physiological wave of germ cell apoptosis required for the development of functional spermatogenesis in rodents [29] [30] [31] [32] [33] [34] also takes place in the ASMKO testes (Fig. 3A) . Little germ cell apoptosis could be detected at the age of 7 days, and at the age of 8 wk the amount of apoptosis had again declined to a basal level (comparable with the level of apoptosis in WT mice of the same age; data not shown) and remained at this basal level also at the age of 20 wk. By histological examination of electron micrographs we were able to detect pathological vesicles from the age of 21 days onward in Sertoli cell cytoplasms and in the interstitium (Fig. 3B) . Such vesicles were not observed in the WT tissue. At this age large numbers of apoptotic spermatocytes, typical for the normal physiological apoptotic wave in the rodent testis, also were found in the ASMKO testes (Fig. 3B) . The testes from 8-wk-old sexually mature ASMKO mice withheld pathological vesicles within the seminiferous tubules in the Sertoli cells and outside the tubules in the interstitium (Fig. 3C) . By the age of 20 wk the size of the vesicles had grown and they had become more numerous in the Sertoli cells as well as in the interstitium (Fig. 3D) . In none of the ages were we able to observe pathological accumulation of vesicles in the spermatogonia, spermatocytes, or in round spermatids. The neck regions of elongated spermatids were also devoid of pathological vesicles.
Germ Cell Susceptibility to Radiation-induced Cell Death
Sixteen hours after irradiation, SM levels in the WT mouse testes were low, whereas they were markedly elevated in the ASMKO testes (P Ͻ 0.001; Fig. 4) . However, the level of SM in the irradiated WT and ASMKO mice did not differ from that of the corresponding nonirradiated mice (compare with Fig. 1) . Surprisingly, ceramide levels were comparable with those in the nonirradiated testes in both groups (Fig. 4 ; compare with Fig. 1) , and the level of ceramide was similar between the WT and ASMKO testes.
No statistically significant differences in testicular weights at 16 h after irradiation could be observed between the WT and ASMKO mice or in relation to mean testicular weights before irradiation (0 h; Fig. 5 ). Twenty-one days after irradiation, weights of the WT testes had decreased by approximately 20% as compared with the nonirradiated testes (P Ͻ 0.01), whereas no significant reduction in testicular weights could be observed in the ASMKO mice. Consequently, the ASMKO testes were heavier than the WT testes 21 days after irradiation (P Ͻ 0.05).
Spermatogonia was the main cell type that died after irradiation, although apoptotic spermatocytes and occasional spermatids were also found (Fig. 6A) . The level of apoptosis in stage-specific squash preparations for which ISEL of DNA fragmentation had been performed was similar between the WT and ASMKO mice in all of the stages II-V, VII-VIII, and IX-XI (Fig. 6B) . In stages II-V and IX-XI, the mean number of apoptotic cells ranged between 20 and 30 apoptotic cells per 1 mm segment of the seminiferous tubulus. In stages VII-VIII, four or three apoptotic cells could be found on average in the WT and ASMKO tubulus segments, respectively.
The long-term tolerance of the ASMKO mouse germ cells to irradiation, as compared with the WT mouse germ cell response, was measured by counting the number of spermatids (1C) and spermatocytes (4C) by flow cytometry in stages II-V, VII-VIII, and IX-XI 21 days after irradiation. No differences in cell numbers between the two groups in any of the stages investigated could be detected, although a statistically nonsignificant trend toward higher numbers of remaining cells in the ASMKO mouse testes was observed (Fig. 7) .
Germ Cell Susceptibility to Tissue Culture-induced Cell Death
In our preliminary experiment we cultured WT mouse testis tissue under serum-free conditions for up to 96 h, after which we performed Southern blotting of apoptotic DNA. Apoptosis induction could be seen after culture for 24 h, and the ladder pattern became more prominent at 48 h. After a 72-h culture, the ladders started to become unclear. The pattern changed into a mere smear as necrosis took over after 96 h of culture (data not shown). We therefore chose to culture testis tissue from WT and ASMKO mice in vitro for 24 and 48 h for further experiments.
We first investigated the amounts of SM and ceramide in the tissue cultures. The level of SM remained much lower in the WT testes than in the ASMKO testes at all time points (0, 24, and 48 h) investigated (P Ͻ 0.001; Fig. 8 ). The level of ceramide increased significantly in both groups after culture for 24 and 48 h. After culture for 24 h, the level of ceramide had increased by approximately 76% (P Ͻ 0.05) in the WT tissue and by approximately 73% (P Ͻ 0.05) in the ASMKO tissue. After culture for 48 h the increase was 76% in the WT tissue (P Ͻ 0.05) and 77% in the ASMKO tissue (P Ͻ 0.01) as compared with the uncultured tissue (Fig. 8) . The level of ceramide was comparable in the WT and ASMKO mice at all time points investigated. Moreover, in both groups, apoptosis increased markedly during the 48-h cultures (P Ͻ 0.001), but there were no differences in the amount of cell death between the WT and ASMKO germ cells in any of the time points investigated (Fig. 9) .
To more closely examine germ cell apoptosis in the cultures, we used the ISEL technique to count apoptotic cells in stage-specific squash preparations. Although apoptotic cells of all cell types were identified, in vitro culture mainly seemed to affect spermatocytes and early spermatids and to a much lesser extent spermatogonia and late spermatids (Fig. 10A) were not counted. No statistically significant differences could be found between the WT and ASMKO mice in the 0, 24, or 48 h time points in any of the stages, II-V, VII-VIII, or IX-XI (Fig. 10B) . At 24 h in stages II-V and VII-VIII, there was a tendency toward greater numbers of apoptotic cells in the ASMKO tubulus segments, but this failed to reach statistical significance. Accordingly, when apoptotic DNA fragmentation in the cultured tissue was measured by Southern blotting (Fig. 9B) , no statistical differences were found between the genotypes. At 0 h both WT and ASMKO testes had an average of four apoptotic cells per 1-mm tubulus segment in stages II-V and one apoptotic cell per 1-mm segment in stages VII-VIII. Stages IX-XI contained more apoptotic cells, the average number being approximately 16 in the WT and 19 in the ASMKO tubulus segments. In the cultured tissue several apoptotic cells could be found in all stages.
DISCUSSION
In the present study we investigated the effects of ASM deficiency on testicular germ cell development and apoptosis. To find out whether ASM deficiency disrupts sperm production, we first investigated ASMKO sperm quality. We found that sperm motility in the ASMKO mice was impaired, but that the sperm concentrations were not statistically different between WT and ASMKO mice. This suggests that control of germ cell numbers cannot be severely disturbed in the ASMKO testes.
Our result that ASMKO sperm motility is defective at the age of 5 mo is in accordance with the results of Butler et al. [6] . They found that in ASMKO sperm, the rapid motility was reduced and greater numbers of static sperm were observed than in WT sperm. The etiology behind the poor sperm quality was found to result from membrane lipid accumulation and a subsequent regulatory volume decrease defect in the developing ASMKO sperm [6] . Path- ological lipid accumulation in sperm plasma membrane causes bending of the sperm to relieve increased surface area. Mutant sperm are nevertheless able to regain normal morphology after incubation in mild detergent, which demonstrates that the bending defects are a direct consequence of membrane lipid accumulation. Further, mitochondrial membrane lipid accumulation leads to decreased mitochondrial membrane potential and thus interferes with the energy-generating capacity of the sperm [6] . Both plasma membrane and mitochondrial membrane lipid accumulation most likely impair sperm motility, as normal flagellar motion requires straight sperm tail morphology as well as metabolically active mitochondria. Additionally, lipid accumulation in epididymal epithelial cells may result in impaired physiological and morphological maturation of spermatozoa [6] . Thus, poor sperm motility does not seem to be due to defects in ASM-mediated apoptosis.
After assessment of ASMKO mouse sperm quality, we continued to more closely investigate the role of the SM pathway in males in early stages of germ cell development and in the capacity of ASM-mutant cells to die by apoptosis, especially after pathological insults. Thus, our aim was to investigate the role of ASM deficiency in the mouse testis 1) in vivo in germ cell development and physiological apoptosis at different developmental ages, 2) in vivo in radiation-induced apoptosis, and 3) in vitro in serum deprivation-induced apoptosis. We observed that the ASMKO testes contained elevated SM levels and pathological droplets. Physiological apoptosis at the onset of sexual maturation and at sexual maturity were comparable with the WT mice. The WT and the ASMKO mice also had similar responses to apoptosis induced in vivo by irradiation and in vitro by serum deprivation.
An important feature of the sexually mature ASMKO mice is the strikingly elevated intratesticular SM content, indicating that ASM is essential for efficient SM degradation in the testes. In accordance with Butler et al. [6] , we observed pathological vesicles in the ASMKO mouse Sertoli cells and the interstitium, but not in the testicular germ cells, and found that the accumulation advanced with age. We were able to detect incipient accumulation already at the age of 21 days. Lipid-laden foam cells are known to be a part of the etiology of ASM deficiency [6, 35, 36] . The regulatory volume decrease deficits may explain why the developing germ cells seem to lack intracytoplasmic pathological vesicles as observed by EM. The ASMKO Sertoli cells that express gross lipid accumulation may not be able to phagocytose residual bodies from mature spermatids [6] , resulting in excess surface areas in the midpiece of the sperm tail in only late spermatids and spermatozoa.
It seems that although pathological vesicle accumulation in the Sertoli cells is an integral part of the ASMKO phenotype, its effects on Sertoli cell function are surprisingly small. Impaired Sertoli cell function would result in re- duced sperm concentrations. We found that at the age of 5 mo ASMKO mouse sperm concentrations were not significantly reduced despite substantial pathological accumulation in the Sertoli cell cytoplasms. In accordance, Butler et al. [6] observed equivalent sperm concentrations in WT and ASMKO mice at the age of 6 mo. Thus, the Sertoli cells seem to be able to nurture the germ cells rather well regardless of the pathological intracytoplasmic vesicles.
We then investigated whether physiological germ cell apoptosis is disrupted in the ASMKO mouse testes at different ages. After birth mouse spermatogenesis first begins at the age of 2-5 wk by the sequential appearance of germ cells corresponding to each developmental stage of the seminiferous tubule. Around the age of 3 wk a physiological apoptotic wave eliminates large numbers of spermatogonia and spermatocytes [31] . This apoptosis is most likely required to maintain a proper number of maturing germ cells per Sertoli cell. If the early apoptotic wave is disturbed, as in mice defective of the pro-apoptotic bax gene [30] or mice expressing high levels of the antiapoptotic BclxL or Bcl-2 proteins [31, 37] , spermatogenesis is highly abnormal and sterility ensues. However, ASMKO mice did express increased germ cell apoptosis at the age of 3 wk as detected by large numbers of dying spermatocytes and increased low molecular weight DNA fragmentation. We also observed equivalent numbers of apoptotic cells in the sexually mature ASMKO mice as compared with the agematched WTs.
Male and female germ cells seem to differ in regard to the role of ASM in the fetal gonads. Male germ cells most likely develop normally in the fetal period despite the ASM deficiency, as detected by normal testicular weights, morphology, and amount of apoptosis as at Day 7 postpartum. In striking contrast, ASM is essential for generating death signals in the fetal female germ line. Neonatal (Day 4 postpartum) ASMKO ovaries had an increased number of primordial follicles as well as significant ovarian hyperplasia, indicating defective normal apoptotic deletion of fetal oocytes [13] . In males ASM did not prove important to physiological apoptosis in the sexually mature mice. Accordingly, in the ASMKO females histomorphometric analysis revealed that the differences in the number of oocytes in neonatal ovaries was preserved at the age of 42 days when female mice achieve sexual maturity, indicating that the rate of apoptosis is preserved postnatally. However, ASM no doubt is important to induced germ cell apoptosis in the female [13] .
The molecular mechanisms behind the different effects of ASM deficiency on male and female germ cells thus far remain to be elucidated. In the case of oocytes, much evidence has been presented on behalf of ceramide being the central death-inducing agent. Although measuring ceramide levels within oocytes has not been possible, an antibody directed against ceramide has provided evidence that it is generated in oocytes and has a central role in female germ cell apoptosis [38] . Although ceramide may be a key player in ovarian follicle apoptosis in all developmental stages (primordial to antral), its impact on male germ cell apoptosis is much less straightforward. Based on our previous study on the potential of S1P, a rheostat for ceramide-to partially protect the very early, but not the later developmental stages of spermatogonia-it is possible that different germ cell developmental stages may proceed into apoptosis through different routes. Additional evidence is provided by the cell cycle regulator protein p53, which seems to be involved in irradiation-induced death of the differentiating spermatogonia, but not in that of the more radioresistant stem spermatogonia [39] . Thus, the ASM-mediated pathway may merely be an alternative route to apoptosis in the male germ cells, which is very different from the central role of ASM in oocytes.
Responses of WT and ASMKO testes to irradiation were similar. We found no differences in the amount of apoptosis between the two groups at 16 h or at 21 days after irradiation, although at 21 days a trend for slightly larger cell populations was detected in the ASMKO testes, which could in part explain why the ASMKO mice on average seemed to have heavier testes than the WT mice after the recovery period. The observation that ceramide was not elevated in either group at 16 h is interesting. Some reports suggest that ceramide is generated rapidly after irradiation [9, 15, [40] [41] [42] . According to other researchers, elevation of ceramide levels may be a late response and ceramide may remain elevated for longer periods after irradiation [43] [44] [45] . The response seems cell type-specific. In testicular tissue the injured cells proceed into apoptosis gradually so that in the rat testis the highest numbers of dying cells can be found at approximately 16 h after irradiation and apoptotic cells can still be detected at 42 h [21] . Therefore, one could assume that the production of ceramide would remain elevated for several hours postirradiation. Since ceramide generation precedes the onset of apoptosis [14, 15] , the optimum time to measure possible peak ceramide levels would be before the 16 h time point. Also, according to a previous study on mice, the number of abnormal spermatogonia reaches a peak 12 h after irradiation and the total number of spermatogonia then declines [46] . Thus, the time point of 16 h may be too late for the detection of peak ceramide levels. The number of apoptotic cells at any given time point is nevertheless quite minute in relation to the total cell population in the testicular tissue, and therefore the elevation of the ceramide levels may constantly remain undetectably low, although existent.
In our in vitro experiments we cultured WT and ASMKO testicular tissue under serum-and hormone-free conditions. In this in vitro model apoptosis has previously been effectively induced in human seminiferous tubules [24] . In human testicular tissue germ cells in the later phases of differentiation (i.e., spermatocytes and early spermatids) are most sensitive to withdrawal of survival factors [24] , and this seemed to be the case also in the cultured mouse tubules. In our 24 and 48 h cultures, the level of ceramide became clearly elevated and massive germ cell apoptosis was observed in both the WT and ASMKO mice. However, there were no differences in the amount of ceramide or germ cell apoptosis between the two genotypes. Interestingly, it seems that the ASMKO germ cells possess a means of producing high levels of ceramide other than through the ASM enzyme. Accordingly, it has been previously shown that WT and ASMKO spermatozoa exhibit a similar degree of SM degradation in situ, and therefore have sphingomyelinase activity distinct from the ASM enzyme [6] . This may be true for the earlier stages of spermatogenic cells as well.
Accumulating evidence has been presented on the involvement of the mitochondria-dependent apoptotic pathway in male germ cell apoptosis induced by stress stimuli, such as deprivation of serum and hormones [47] or heat exposure [48] . An important event in the mitochondrial apoptosis pathway is the permeation of the mitochondrial outer membrane and the release of cytochrome c. Ceramide has been proposed to act on multiple sites in the mitochondria [49] . It has been shown to be able to inhibit the mitochondrial respiratory chain complex III [50] and to form stable pores in the mitochondrial membranes [51] . These pores are large enough to enable the release of cytochrome c [51] that allows the subsequent activation of caspases. Although the mechanism by which ceramide induces cell death in the mitochondrial apoptosis pathway still remains unclear, it most likely involves the release of cytochrome c [49] .
Ceramide can be synthesized from SM not only by ASM but also by neutral sphingomyelinase (NSM) [52] [53] [54] [55] . In the testis both ASM and NSM activities have been identified [56] . ASMKO mice possess physiologic levels of NSM activity despite the deficiency of the ASM enzyme [5] , and therefore NSM may participate in ASMKO germ cell apoptosis. Another pathway to produce ceramide is de novo synthesis in which the enzyme ceramide synthase catalyses the formation of dihydroceramide, which is rapidly oxidized into ceramide [52] [53] [54] [55] . Other factors may also contribute to pathological germ cell apoptosis observed in the ASMKO mice. Ceramide can be rapidly converted, for example, into sphingosine, and may therefore not be detectable after irradiation. Sphingosine again has been reported to enhance apoptosis [45] . Additionally, apoptosis pathways other than one dependent on ceramide accumulation may be functional in the male germ cells.
The aims of the present study (i.e., the role of ASM in male germ cell development and apoptosis) have not been investigated before. Our results shed light on the involvement of the SM pathway in male germ cell apoptosis. Taken together, ASM deficiency results in abnormally high intratesticular SM contents and defective sperm motility, but does not affect sperm concentrations. Responses to in vivoand in vitro-induced apoptosis were quite similar in the WT and the ASMKO mouse testicular tissue. In vivo, no ceramide accumulation could be detected in either of the groups 16 h after irradiation. In vitro, the level of ceramide elevated significantly and to a comparable level in both groups during the 24-and 48-h cultures. These results suggest that the physiological effects of ASM deficiency on the testes are due to pathological lipid accumulation and that the ASM enzyme is not crucial for male germ cell apoptosis.
